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The combined use of Hf, Nd and Sr isotopes is more useful in understanding the supercontinent cycle than
the use of onlyHf isotopic data fromdetrital zircons. Sr andNd seawater isotopes, althoughnot as precise as
3Nd and 3Hf distributions, also record input from ocean ridge systems. Unlike detrital zirconswhere sources
cannot be precisely located because of crustal recycling, both the location and tectonic setting often can be
constrained for whole-rock Nd isotopic data. Furthermore, primary zircon sources may not reside on the
same continent as derivative detrital zircons due to supercontinent breakup and assembly. Common to all
of the isotopic studies are geographic sampling biases reﬂecting outcrop distributions, river system
sampling, or geologists, and these may be responsible for most of the decorrelation observed between
isotopic systems. Distributions between 3.5 and 2 Ga based on 3Hf median values of four detrital zircon
databases as well as our compiled 3Nd database are noisy but uniformly distributed in time, whereas data
between 2 and 1Ga data aremore tightly clusteredwith smaller variations. Grouped age peaks suggest that
both isotopic systems are sampling similar types of orogens. Only after 1 Ga and before 3.5 Ga do we see
wide variations and signiﬁcant disagreement between databases, which may partially reﬂect variations in
both the number of sample locations and the number of samples per location.
External and internal orogens show similar patterns in 3Nd and 3Hfwith age suggesting that both juvenile
and reworked crustal components are produced in both types of orogens with similar proportions. How-
ever, both types of orogens clearly produce more juvenile isotopic signatures in retreating mode than in
advancingmode.Many secular changes in 3Hf and 3Nd distributions correlatewith the supercontinent cycle.
Although supercontinent breakup is correlatedwith short-lived decreasing 3Hf and 3Nd (100Myr) formost
supercontinents, there is no isotopic evidence for the breakup of the Paleoproterozoic supercontinent
Nuna. Assembly of supercontinents by extroversion is recorded by decreasing 3Nd in granitoids and met-
asediments and decreasing 3Hf in zircons, attesting to the role of crustal reworking in external orogens in
advancing mode. As expected, seawater Sr isotopes increase and seawater Nd isotopes decrease during
supercontinent assembly byextroversion. Pangea is the only supercontinent that has a clear isotopic record
of introversion assembly, duringwhichmedian 3Nd and 3Hf rise rapidly for100Myr. Although expected to
increase, radiogenic seawater Sr decreases (and seawater Nd increases) during assembly of Pangea, a
feature thatmay be caused by juvenile input into the oceans fromnewocean ridges and external orogens in
retreating mode. The fact that a probable onset of plate tectonics around 3 Ga is not recorded in isotopic
distributionsmaybedue the existence ofwidespread felsic crust formedprior to theonset of plate tectonics
in a stagnant lid tectonic regime, as supported by Nd and Hf model ages.
 2013, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. All rights reserved.of Geosciences (Beijing)
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Many studies in recent years have focused on the correlation
and signiﬁcance of zircon U/Pb age peaks with the supercontinent
cycle and the growth of continental crust using Hf isotopes in
detrital zircons. However, relatively few have used Nd and Sr iso-
topes in whole-rock samples to augment the Hf isotopic record
(Wang et al., 2009; Belousova et al., 2010; Hawkesworth et al.,eking University. Production and hosting by Elsevier B.V. All rights reserved.
K.C. Condie, R.C. Aster / Geoscience Frontiers 4 (2013) 667e6806682010; Condie et al., 2011). It has been shown that most juvenile
crust preserved in orogens is produced in continental arcs (92%)
with only small amounts produced in oceanic arcs and other
oceanic tectonic settings (Condie, 2013; Condie and Kroner, 2013).
Of the juvenile crust preserved in orogens, most was produced
during the subduction stage (ocean basin closing) rather than
during the collisional stage. Hence, the probability of preservation
must be at least moderate during ocean-basin closing for this ju-
venile crust to survive long enough to be preserved during the
collisional stage (Hawkesworth et al., 2009). What is not well
constrained is what types of orogens detrital zircons come from,
since most older zircons are recycled multiple times in the geologic
record.
Whole-rock Nd isotope data have the advantage of not only
having a known source location, but also in most cases, they are
able to constrain the tectonic setting of the source. When used in
conjunctionwith Hf isotope zircon data, these isotopes increase the
potential for a more complete understanding how the production
and preservation of juvenile crust is related to the supercontinent
cycle. In this study we analyze and compare a combined Hf isotopic
database from detrital zircons with whole-rock Nd isotopic data
from detrital sedimentary rocks and granitoids. We also include Sr
and Nd isotopic data from marine carbonates to track seawater
composition with time. Using these combined databases, we pro-
pose reﬁnements to the supercontinent cycle and discuss un-
certainties that have not been fully addressed in previous studies.
Also included is a discussion of the use of isotopic data to constrainFigure 1. Map views showing four end-member scenarios for the relationship of internal a
zones (no dip direction implied).modes of assembly of supercontinents by extroversion and intro-
version and complications arising from overlap in breakup and
assembly of supercontinents during the last 1000 Ma.
2. Controls of isotopic data
Many recent papers have focused on the types of orogens pre-
served in the geologic record and how these relate to the super-
continent cycle (Cawood et al., 2009; Collins et al., 2011; Lancaster
et al., 2011; Stern, 2011; Roberts, 2012; Condie, 2013). Four end-
member scenarios relating orogens to the supercontinent cycle
are illustrated in Fig.1. Each of these scenarios inﬂuences the Hf and
Nd isotopic compositions of rocks produced and/or preserved in
orogens (Hawkesworth et al., 2010; Collins et al., 2011; Condie et al.,
2011). During supercontinent breakup, external accretionary oro-
gens commonly shift into an advancing phase (a), resulting in more
reworking of older crust by such processes as sediment subduction,
delamination, and subduction erosion (Scholl and von Huene, 2007,
2009). This scenario is epitomized during in the last 100e200 Ma
by the Andean orogen as the South Atlantic opened (Scholl and von
Huene, 2007). In contrast, when an ocean basin closes (b), external
orogens typically change into a retreating phase and the fraction of
juvenile crust production increases (Collins et al., 2011). Internal
orogens exhibit both reworked and juvenile crust production
depending on such factors as terrane accretion and whether or not
subduction zones are present on one or both margins of the closing
ocean basin (Collins et al., 2011). During continent-continentnd external orogens to the supercontinent cycle. Red barbed lines indicate subduction
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new external orogens are established, juvenile crustal contribu-
tions may again become important. During the supercontinent
stasis stage (d), new external orogens form and may involve both
reworked and juvenile crustal contributions.
In interpreting zircon ages and Hf isotopic data, the effects of
zircon alteration must be considered. The d18O in zircons is sensi-
tive to hydrous alteration and to water in the sites of magma
generation. The d18O of altered zircons may depart from that of
unaltered zircons with mantle isotopic signatures (Valley et al.,
2005). An important question for our analysis is whether or not
detrital zircons that come from igneous rocks derived from water-
rich magma sources (or aqueously altered rocks) that show biases
in 3Hf. To check this we use published data that include d18O ana-
lyses of zircons. As examples, d18O vs 3Hf plots of three suites of
detrital zircons are shown in Figs. A1eA3 (preﬁx A refers to
Appendix ﬁgures). If we assume a range for mantle d18O of
4.5e6.5&, these plots show that zircons that fall outside of the
mantle d18O window (lower or higher) have similar distributions in
3Hf from those that plot within the mantle d18O window. In the
Russian rivers database 43% of zirconswithmantle d18O values have
negative 3Hf compared to 51% for non-mantle d18O sources (Wang
et al., 2011); corresponding numbers for African rivers are 59%
and 62% (Iizuka et al., 2012) (Figs. A1 and A2). In the much larger
Dhuime et al. (2012) database, 53% with mantle d18O are negative
and 65% of non-mantle d18O are negative. Although the proportion
of negative epsilon values is somewhat enhanced due to the effects
of water, negative d18O do not appear to introduce a signiﬁcant bias
in identifying juvenile and reworked crustal sources in large
detrital zircon populations.
Sr and Nd isotopic data frommarine carbonates record a balance
between input into the oceans from erosion of continents (which
largely samples reworked crust) and juvenile input chieﬂy from
hydrothermal processes along ocean ridges (Keto and Jacobson,
1988; Prokoph et al., 2008; Peucker-Ehrenbrink, 2010). During su-
percontinent breakup, ocean-ridge control may dominate, and thus
Sr and Nd isotopic signatures in marine carbonates should reﬂect
more juvenile input into the oceans (lower 87Sr/86Sr and higher
143Nd/144Nd). The magnitude of this effect as well as the geographic
distribution may vary due to different resident times of these ele-
ments in seawater. In general, however, rivers sampling external
orogens may introduce a reworked isotopic signature (higher
87Sr/86Sr and lower 143Nd/144Nd) into the oceans, and thus seawater
should reﬂect a balance between these two inputs. During super-
continent assembly the opposite trends may exist: loss of ocean
ridges and increasing numbers of high mountains in collisional
orogens should enhance isotopic signals of reworked crust sent to
the oceans.
3. Comparison of databases
There are differences between published detrital zircon data-
bases, many of which reﬂect different geographic sampling biases
in the zircon populations. For instance, studies byWang et al. (2011)
and Iizuka et al. (2012) of detrital zircon populations for Siberian
and African rivers show considerable variation in both age and 3Hf
(t) (hereafter 3Hf) distribution between single rivers. To compare
published Hf databases we show median 3Hf for each of four data-
bases plotted with time averaged over a 50 Myr bin moving 1 Myr
per time increment (Fig. 2). Median values from our 3Nd(t) database
(hereafter 3Nd) (Appendix 1) are shown for comparison, along with
the distribution of major zircon age peaks (Fig. 2c). Fig. 2b shows
some unanticipated similarities between the 3Hf curves and the 3Nd
curve. Between 3.5 and 2 Ga the epsilon distributions are relatively
ﬂat (Iizuka et al., 2012 excepted). All four databases also show arather tight grouping between 2 and 1 Ga with only small ampli-
tude variations. Only after 1 Ga and before 3.5 Ga do we note wide
discrepancies in databases and in some instances, clear divergence.
These variations often reﬂect time periods with either few data
and/or a small number of sample locations. Within speciﬁc Hf da-
tabases, we note that the Dhuime et al. (2012) data show a large
positive 3Hf peak around 150Mawhereas the Voice et al. (2011) data
show a negative peak at this time; only GEMOC-Condie data show a
large peak at 400 Ma. The Voice et al. (2011) data show a large
negative peak around 3000 Ma and the Iizuka et al. (2012) data
show large amplitude spikes into negative epsilon space near
2500 Ma. Most of these large deviations may arise from geographic
sampling biases. Although zircon age peaks (Fig. 2c) also show
considerably variation between the Hf databases, the total Hf
database (S 3Hf) and the global 3Nd database show most of the
previously recognized peaks (e.g., Condie and Aster, 2010; Condie
et al., 2011).
In this investigation we examine median values of a combined
Hf isotope database (with duplicate entries removed), together
with median 3Nd from whole-rock sedimentary rocks and granit-
oids (Fig. 3; Appendix 1). Power spectra density analyses of the
detrended zircon ages in both Hf and Nd databases show similar
patterns, with a suggestion of a weak periodicity of about 250 Myr
(Figs. A4 and A5). The interpretation of average or median epsilon
curves with time has varied among various investigators. Although
most agree that increases in epsilons with time reﬂect greater input
of juvenile crust at convergent or/and collisional orogens, decreases
in epsilon values have been interpreted as reworking of older
continental crust or/and destruction of continental crust and
recycling into themantle (Belousova et al., 2010; Collins et al., 2011;
Condie et al., 2011; Dhuime et al., 2012; Roberts, 2012). We suggest
that decreasing epsilons with time reﬂects only reworking of older
crust, since recycling of continental crust into the mantle should
selectively remove rocks with speciﬁc zircon ages, and thus should
appear on the epsilon-age spectra as “age gaps”, and not a change in
slope of the epsilon data (Condie, 2013). Fig. 4 shows the correlation
coefﬁcient (r) of 3Hf with 3Nd for the median values with time using
a 150 Myr bin moving in 1 Myr increments. For the entire database,
only 15% of thesewindows show r values of0.7. This indicates that
although there is overall correlative agreement in the 3Hf and 3Nd
curves on timescales of hundreds of millions of years, this is not so
for timescales of 150 Myr. The overall poor correlation on the
150 Myr time scale may arise from different sample sites for the
populations. Consistently high positive correlations between 3Hf
and 3Nd occur between about 2100 and 1200 Ma. During this time
interval, most the 3Nd and many of the 3Hf data come from sites in
the Great Proterozoic Accretionary Orogen and carry similar
isotopic signals (Condie, 2013).
To evaluate the variation in the combined 3Hf database and in
the 3Nd database, detrended variation of both data sets is shown in
Figs. A6 and A7 as one standard deviation of the mean for a 50 Myr
binmoving in 1Myr increments. As expected, the variation in both
epsilons increases with time as a result of growth of radiogenic
isotopes in both the depleted mantle reservoir and in various
continental reservoirs that have separated from depleted mantle
over time (Fig. 5). However, beginning at about 1 Ga there is a
rather large increase in the variation of the average standard de-
viation of both epsilons, and especially in 3Nd. This probably re-
ﬂects a combination of decreases in both the number of samples
per site and in the number of sample sites after 1000 Ma. Some
sites have only a few samples, whereas others, such as the
Arabian-Nubian shield, have large numbers of samples. A power
spectral density analysis of the detrended epsilon variation curves
shows no evidence of periodicity in either 3Hf or 3Nd with time
(Figs. A6 and A7).
Figure 2. 3Hf for detrital zircons and 3Nd for whole-rock sedimentary rocks and granitoids. (a) 3Hf for all Hf databases; (b) Median values of 3Hf and 3Nd for each database for a 50 Myr
bin, moving at 1 Myr increments; (c) U/Pb zircon age spectra for 50 Myr bins. Data sources: Comb, combined GEMOC and Condie-Aster database (Belousova et al., 2010; Condie and
Aster, 2010); Dhuime et al. (2012); Voice et al. (2011), Iizuka et al. (2012); Nd and Hf databases given in Appendix 1.
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Fig. 5 shows the secular distribution of 3Nd from sedimentary
and granitic rocks from our Nd isotopic database color coded by
orogen type (Appendix 1). On the whole, the 3Nd distributions and
the major zircon age peaks are very similar to those from the 3Hf
database we reported earlier (Condie and Aster, 2010; Condie et al.,
2011). As with the Hf data, the major age peaks show both
reworked and juvenile input into the continental crust with a
sparsity of reworked data in the 1600e800 Ma time window. Un-
like the 3Hf data discussed by Collins et al. (2011), we see no evi-
dence of differences in the spread of the 3Nd data between
collisional and accretionary phases of orogens, either in the last
500 Myr or at any other time. Both types of orogens have similar
epsilon distribution patterns with accretionary orogens showing a
slight preference for juvenile crust and collisional orogens for
reworked crust (Fig. 5, inset). In the last 1000 Ma, both types of
orogens show greater input from reworked continental crust, with
negative epsilons (with values as lowas30) comprising about 60%
of both the whole-rock Nd and zircon Hf databases. Before
1000 Ma, both databases show a slight preference for positive
epsilons (61% 3Nd; 54% 3Hf).The 3Hf and 3Nd median values are shown as a function of age in
Fig. 3 (part b enlarged for the last 1000 Ma). The Sr and Nd isotopic
curves for seawater are also shown, and although not as precise as
the 3Hf and 3Nd data, they provide further insight into the ratio of
juvenile to reworked crust with time (Shields, 2007; Peters and
Gaines, 2012). The Sr isotope curve is the recalibrated seawater
curve from Shields (2007). Also shown are assembly and breakup
times of supercontinents, major zircon age peaks, and the distri-
bution of major orogenic collisions from Appendix 2. Although
there are differences between the 3Hf and 3Nd distributions as
described above, the overall trends in median epsilons are similar
prior to 1000 Ma. Compared to the 3Hf curve before 2000 Ma, the
3Nd curve is offset to more juvenile compositions, and after
1000 Ma, the two curves often deviate and the amplitude of vari-
ation can be large. After 1000 Ma, about 60% of both 3Hf and 3Nd are
negative, whereas before 1000 Ma only 40e50% are negative.
Decoupling of Nd and Hf isotopic systems has been recognized in
other studies, and is related to such factors as metasomatism,
garnet fractionation, and selective elimination of radiation-
damaged and altered zircons during weathering and erosion
(Bizimis et al., 2004; Ionov et al., 2005; Yu et al., 2009). The
consistently negative 3Hf signature before 2 Ga compared to 3Nd
Figure 3. 3Hf for detrital zircons, 3Nd for whole-rock sediments and granitoids, and seawater Sr and Nd isotopic compositions with increasing age. 3Hf and 3Nd are median values of
our combined Hf database and our Nd database (Appendix 1; Fig. 2b). Trends are displayed as the median value within a 50 Myr time window stepping in Myr increments. Sr and
Nd seawater isotopic curves are from Shields (2007) and Keto and Jacobson (1988), respectively. Also shown are the major zircon peak ages (bold vertical arrows) (Condie and Aster,
2010), the supercontinent cycle, and major orogens (complete list given in Appendix 2) (black collisional, green accretionary). (a) Present to 4 Ga, and (b) expanded view of (a) from
Present to 1000 Ma with 3Nd seawater included. “DM” indicates an approximation of the global 3Hf and 3Nd depleted mantle curve.
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variation prior to 3700 Ma and the negative peaks in 3Hf at about
3050 and 3400 Ma reﬂect few sample locations and few data. For
instance, detrital zircons from a quartzite in the Limpopo orogen in
Southern Africa (Zeh et al., 2008) are entirely responsible for the
negative 3Hf peak at 3050Ma. The parallel changes in slope or peaks
in both epsilon distributions at 2100,1950, 750, 550 and 150Ma are
striking and reﬂect widespread global changes in the ratio of ju-
venile to reworked crust produced and preserved at these times.
For the most part, the major zircon age peaks (shown with vertical
arrows) are not reﬂected in the secular epsilon variations. Excep-
tions are age peaks at 2100 Ma and also possibly at 100 Ma.
Many changes in the 3Hf and 3Nd distributionswith time correlate
with changes in the supercontinent cycle (Fig. 3). The short-lived
decrease in epsilons at 2.7e2.6 Ga, most apparent in 3Nd,correlates with assembly of the ﬁrst supercratons (Aspler and
Chiarenzelli, 1998; Bleeker and Ernst, 2006). These isotopic
changesmay record reworking of older felsic crust as plate tectonics
rapidlypropagatedaround theglobe in the lateArchean (Condie and
O’Neill, 2010) and, in particular, collisions leading to assembly of the
supercratonsmay have increased the rate of recycling of older crust.
Although the Sr seawater curve is not sensitive enough to show this
short-lived change, it’s gradual increase reﬂects an increasing
amount of continental crust during the late Archean. The ﬁrst and
perhaps only event recorded by both 3Hf and 3Nd and by a zircon age
peak is at 2.1 Ga, where both epsilon curves drop dramatically. This
appears to reﬂect a shift in subduction zones to the periphery of
fragmenting Archean supercratons. If so, it would be the onset of
new external accretionary orogens in advancing modes that led to
more reworking of older crust (Fig.1a). There are at least 10 external
Figure 4. Correlation coefﬁcient (r) between 3Hf and 3Nd median values shown as function of age for a 150 Myr bin moving a 1 Myr increments.
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West Congo, Luizian, Venturari-Tapajos, Volhyn, NE Greenland,
Angara, Wopmay, and Magondi-Kheis (Appendix 2). Reworking in
four collisional orogens (Eburnean, Birimian-Transamazonian,
Volga-Don, Limpopo), leading into the assembly of the next super-
continent Nuna, also may have contributed to the falling epsilons.
The slightly climbing or ﬂat 87Sr/86Sr seawater curve during this
time records an approximate balance between juvenile andFigure 5. Distribution of 3Nd(T) in whole-rock samples of sedimentary rocks and granitoids
shown are major U/Pb zircon age peaks as mean values with bars of one standard deviation (
curve. Number of data points: 4089 accretionary orogens, 1070 collisional orogens. Data froreworked crustal signals into the oceans, the juvenile component
probably coming from the opening newocean basins as the Archean
supercratons fragment.
Both 3Hf and 3Nd increase rapidly at 1950Ma and then steadily but
slowly increase thereafter to about 1500 Ma. The rapid increases at
1950 Ma could represent closing of at least ﬁve oceans leading to
collisions that produced the Usagaran-Tanzania, Taltson, Genburgh,
Thelon, and Lapland orogens (Appendix 2). Closing of these oceanswith age. Two growth lines of continental crust are shown (147Sm/143Nd ¼ 0.107). Also
peaks at 150, 560, 1400, 1700, 1900, 2100, 2500, 2700 Ma). DM, depleted mantle growth
m Appendix 1.
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increasing the rate of juvenile crust production, thus increasing the
epsilons at this time. The supercontinentNunawas largelyassembled
between 1.9 and 1.8 Ga by numerous craton-craton collisions (Zhao
et al., 2002), probably by extroversion if the reconstruction of the
late Archean supercraton Kenorland by Bleeker and Ernst (2006) is
approximately correct. During this time epsilons remain constant or
slightly decrease, indicating a near balance between juvenile and
reworked crustal production. The external orogens must have
remained largely in retreatmode producing enough juvenile crust to
partially offset the reworked input from the numerous collisional
orogens. An alternative interpretation based on reliable paleomag-
netic data is that Nuna was assembled from two or three large frag-
ments between 1650 and 1580 Ma (Pisarevsky et al., 2013).
Supportive of this interpretation is a drop in 3Nd at this time (Fig. 3a),
which could reﬂect enhanced recycling of continental crust during
continental plate collisions. More than any other period of time, be-
tween 1.7 and 1.3 Ga (and extending to 1 Ga), the median 3Hf and 3Nd
curves are nearly coincident, recording a gradual increase in juvenile
crustal contributions until around1.5Ga. The slightly falling seawater
Sr isotope curve supports this interpretation. During this time juve-
nile crust produced in external orogens slightly dominated reworked
crust produced largely in internal orogens (Fig. 1c,d). There are only
three known collisional orogens with ages between 1.8 and 1.5 Ga
(Yapungku, Kimban and Volhyn Central Russian). External orogens
formed during this time include the very extensive Great Proterozoic
Accretionary Orogen (GPAO; Condie, 2013), as well as the Nimrod-
Ross, Racklan-Forward, Olarian and Kararan orogens (Appendix 2).
Of the available Nd isotopic data, 82% come from the GPAO.
There is no evidence in 3Hf and 3Nd distributions nor in the
seawater Sr isotope curve for the breakup of Nuna. Between 1.5 and
1.3 Ga, the epsilon curves are ﬂat reﬂecting a balance between ju-
venile and reworked inputs into continental crust (Fig. 3a). There are
only two collisions, Musgrave and Albany-Fraser near 1.3 Ga, in the
probable time window of Nuna fragmentation. As previously sug-
gested (Roberts, 2012), it is probable that thebreakupofNunadidnot
result inwidespread dispersal of cratons, but only jostling around of
the continental plates, and thus no strong signal comes through in
the isotopic data for the breakup. Supporting this conclusion is the
fact that many “craton groups” survived between Nuna and Rodinia,
although their relative positions changed (Meert, 2002; Meert and
Torsvik, 2003; Vakubchuk, 2010; Evans and Mitchell, 2011). Exam-
ples of craton groups are Baltica-Laurentia-Siberia, Australia-
Antarctica-S China, West Africa-Amazonia-Rio de la Plata, and
Congo-Tanzania. During assembly of Rodinia between 1.25 and
0.9 Ga, collision frequency increases (Fig. 3a), but unlikeNuna, the 3Hf
and 3Nd curves gradually fall, but remain tightly grouped (our com-
bined 3Hf database [Appendix 1] does not show the negative peak a
1 Ga reported by Roberts [2012]). The change in slope of the epsilon
curves beginning about 1.3 Ga may reﬂect a transfer of crustal pro-
duction to external orogens in advancing mode (Fig. 1a) as Nuna
fragmented, thus enhancing the reworked isotopic crustal signa-
tures. The radiogenic Sr curve during the 1.25e0.9 Ga time period is
ﬂat (or slightly decreasing), indicating a close balance between ju-
venile and reworked input into the oceans. This appears to be
controlled by a balance between ocean ridges and external orogens
with exclusively or largely juvenile isotopic signatures, and internal
orogens with largely reworked isotopic signatures. The increasing
epsilons between900 and800Ma (Fig. 3b)may reﬂect juvenile input
from external orogens around the newly formed Rodinian super-
continent. The increasing Sr curve at this time, however, clearly does
not have the same control, but may reﬂect erosion from newly
formed mountains carrying a largely reworked isotopic signature.
The breakup of Rodinia and growth of the next supercontinent
Gondwana occur between about 800 and 550 Ma (Fig. 3b). The peakin 3Hf and 3Nd at 750 Ma may not be global because it is controlled
almost entirely by data from the Arabian-Nubian shield (ANS) (Stern
and Johnson, 2010), which is an external accretionary orogen, largely
in retreat mode at this time. If Rodinia began to breakup before
750 Ma (Meert and Torsvik, 2003; Li et al., 2008), the ANS data may
completely mask the isotopic evidence for this. If we ignore the
epsilon peak at 750 Ma, which may be of only local signiﬁcance, the
breakup of Rodinia between 800 and 650 Ma shows decreasing
epsilon distributions and increasing seawater Sr isotopes. This is
consistent with formation of new internal oceans and a shift of
crustal production to advancing external orogens, where reworked
components exceed juvenile components. Five external orogens
were active during this time (ANS, Lhasa, West Africa, Yenesei, Tai-
myr), whereas only one craton-craton collision is recorded by the
Jiangnan orogen in South China (Appendix 2). This scenario is
consistent with Rodinia fragmenting by extroversion as previously
suggested (Murphy et al., 2009; Roberts, 2012). Unlike the seawater
Sr isotope curve, the seawaterNd isotope curve isﬂatduring this time
indicating a balance between reworked and juvenile inputs.
Beginning around 650Ma, 3Hf and 3Nd decrease rapidly, reﬂecting
the growth of Gondwana-Pannotia (650e550 Ma). Both Sr and Nd
seawater curves also steepen at this time, thus all of the isotopic
systems show signiﬁcant input of reworked older crust accompa-
nying the assembly of Gondwana-Pannotia. As with the breakup of
Rodinia, the breakup of Pannotia at 560e530 (Dong et al., 2011) (not
at 450e400 Ma as suggested by Roberts [2012]) continued the
reworking of older crust in advancing external orogens, and thus
epsilons continued to shift to more negative values (Fig. 3b). Terra
Australis external orogen was established by 580 Ma and continued
until at least 400Ma,mostly in advancingmodeuntil Gondwanawas
fully formed (Cawoodet al., 2009;Murphyet al., 2011). It is likely that
collisional orogens also contributed to the reworked isotopic signa-
tures, since most of the “anastomizing” Gondwana orogens in Africa
and South America contain large volumes of reworked Precambrian
crust. At 550e500 Ma, 3Hf and 3Nd both reached minimal values
corresponding to the completion of Gondwana.We also see peaks in
seawater 87Sr/86Sr and in seawater 3Nd at about 480 Ma. Opening of
the Iapetus Ocean at 560e530 Ma (Schotese, 2009) (with juvenile
input to seawater at the new ocean ridges) apparently did not affect
the reworked crustal Sr and Nd isotopic signals transferred into
seawater. All four isotopic indices consistently record the assembly of
Gondwana-Pannotia from 650 to 500 Ma and the peaks near
480e500 Ma reﬂect the greatest contribution of reworked crust for
any supercontinent assembly. Although it appears that Gondwana-
Pannotia also formed by extroversion (Schotese, 2009; Murphy
et al., 2011), it differed from the assembly of Rodinia in that it
formed more rapidly (150 Myr compared to 350 Myr for Rodinia),
involved a greater contribution of reworked older crust, and frag-
mented as two supercontinents (Pannotia and Gondwana).
Between 500 and 450 Ma following the breakup of Pannotia,
subduction shifted to external orogens andboth 3Hf and 3Nd increased
(Fig. 3b). This change probably records continual closure of internal
oceans, which enhanced juvenile crustal production in external
orogens in retreating mode (Fig. 1b, d). Seawater Sr and 3Nd both
reached peak values at this time showing a balance between ocean
ridge and reworked isotopic signals reaching the oceans. Although
the most volumetrically important external orogen was Terra Aus-
tralis, theAntler, Ellesmerian, andVerkhoyansk-Kolymaaccretionary
orogens also contributed juvenile crust during this time.
Pangea assembled between 400 Ma and 250 Ma by introversion
accompanying the closing of internal oceans (Murphy and Nance,
2003). Growth of Pangea begins with the Acadian and Scandian
collisions at 420e390 Ma continuing until about 250 Ma, with the
ﬁnal collision of Africa and Laurentia during the Alleghanian-
Ouachita orogenies (370e230 Ma). The steep climb in 3Hf and 3Nd
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the Acadian collisions (420e380Ma) may reﬂect signiﬁcant input of
juvenile crust in external orogens, which were now largely in
retreatingmode. The fact that both 3Hf and 3Nd are ratherﬂat between
400 and 200Ma indicates a balance between juvenile and reworked
crustal input during this time, which may be a characteristic of su-
percontinent assembly by introversion. Subduction around the
closing internal oceans may have involved a signiﬁcant reworked
component, enough to offset the juvenile crust input in external
orogens. The decrease in seawater 87Sr/86Sr and irregular increase in
seawater 3Nd between 480 and 200 Ma is puzzling since these ratios
should change in the opposite directions during supercontinent as-
sembly. Perhaps an increasing number of ocean ridges in external
oceans andnewexternal orogens in retreatmode introducedenough
juvenile component into the oceans to offset the reworked compo-
nent coming from collisional orogens. If real, the signiﬁcance of 3Nd
seawater peaks about 400 and 250 Ma is not understood, but could
represent incomplete mixing of Nd in the oceans at these times.
After 200 Ma we see signiﬁcant differences between 3Hf and 3Nd
curves, probably resulting from relatively few data and geographic
sampling biases. This is the time that Pangea fragmented (Murphy
and Nance, 2003). Most of the detrital zircons are from Mississippi
River sediments and probably come from the Cordilleran external
orogen (Wang et al., 2009; Iizuka et al., 2010). Nd data come from
widespread geographic locations, all from external orogens (such as
Japan, the Cordillera in western North America, the Andes, and
South China). The negative spike in 3Nd and 3Hf and in seawater
87Sr/86Sr around 150Ma corresponds to the beginning of breakup of
Pangea as the Atlantic Ocean opens. The opening of the Atlanticmay
have caused external orogens along the west coasts of the Americas
to change to advancingmodes, producingmore reworked crust. The
minimum in seawater 87Sr/86Sr at this time could reﬂect new ju-
venile input into the oceans as the Mid-Atlantic ridge grew. The
positive spike in both 3Nd and 3Hf at about 100 Ma may reﬂect
continued closing of the Tethys and shift of subduction to the Terra
Australis external orogen, which by now is largely in retreat mode.
Although breakup of Pangea continues until at least 30 Ma, the
isotopic signatures after 100 Ma are complicated by collisions
leading into the assembly of a new supercontinent Amasia. The
“overall fall” in 3Nd and 3Hf beginning just after 100 Ma reﬂects the
continued breakup of Pangea with a shift of crustal production to
external orogens where reworked crustal components dominate.
The negative 3Nd peak at 50 Ma is due entirely to sediments from
Taiwan (Chen et al.,1990) and probably is not a global signature. The
rapid increase in seawater 87Sr/86Sr in the last 50 Ma is caused
chieﬂy by input from rapidly rising mountains in the Himalayan-
Alpine orogen (Peucker-Ehrenbrink, 2010; Peters and Gaines, 2012).
5. Discussion
One of the chief problems in using detrital zircons to identify
orogen types is that most or all zircons liberated during weathering
are recycled by sedimentary processes. Some studies compare
heights of detrital zircon age peaks to areas of craton of known age
exposed on a speciﬁc continentwhich is being sampled byamodern
river (Iizuka et al., 2005; Wang et al., 2009). However, most detrital
zircons are not derived directly from their original sources, but from
later sediments that may have been recycledmore than once before
entering a modern river system. Hence, zircon peak heights are
controlled by the distribution and preservation of detrital sedi-
mentary rocks and not by the geographic area of primary sources.
Further complicating this issue is the supercontinent cycle. Primary
zircon sources may not even reside on the same continent as the
detrital zircons sampled by modern rivers, because past supercon-
tinent breakup has dispersed these sources (Meinhold et al., 2013).We suggest that this is amajor problemwith the dual orogenmodel
proposed by Collins et al. (2011) based on Hf isotope distributions in
detrital zircons. The contrasting patterns in 3Hf in external and in-
ternal orogens (Collins et al. [2011; Fig. 2]) depend critically on the
locations and tectonic settings of the original sources of the detrital
zircons, neither of which is well constrained. Although 3Hf distri-
bution in detrital zircons reﬂects a balance between external and
internal orogen sources, it also depends on whether external oro-
gens are in retreating or advancing modes (Fig. 1). Our data suggest
that reversals between retreating and advancing modes in external
orogens are not short-term reversals (<50 Myr) as suggested by
Collins et al. (2011). Data from theGreat Proterozoic (1.9e1.5Ga) and
Andean (300Ma) external orogens indicate these reversals can last
several hundred million years. During opening of internal oceans,
external orogens are dominantly in advancing mode where pro-
duction of reworked crust with negative epsilons dominates (Fig.1).
Detrital zircons from the Andeswith ages of 200e500Ma exhibit 3Hf
values from þ5 to 10, with most falling in the range of 2 to 10
(Bahlburg et al., 2009; Dahlquist et al., 2013; Herve et al., 2013)
clearly showing the importance of reworked crust during this
300 Myr time window. And ﬁnally, the statement by Collins et al.
(2011, p. 336) that negative whole-rock 3Nd events in external oro-
gens are short-lived (<50Myr) is not supported by our Nd database
(Appendix 1). 3Nd from continental arcs shows an overwhelming
proportion of reworked crust, and both external and internal oro-
gens show similar “spreading patterns” in the last 500 Ma (Fig. 5).
Whether or not juvenile or reworked crustal production pre-
dominates in external orogens depends critically on if they are in
retreating or advancing modes.
Still another problem in using 3Hf in detrital zircons to identify
primary sources is the commonlymade assumption that the ages of
detrital zircons in modern river sediments are biased by young
zircons from high-mountain sources (Iizuka et al., 2010). This as-
sumes that relatively young igneous rocks predominate in high
mountains. However, some of the highest mountains in North
America (inWyoming and Colorado) expose Proterozoic or Archean
basement, which can feed zircons directly into modern river sys-
tems such as theMississippi. In this respect, whole-rock Nd isotopic
data have an advantage in being able to identify source locations, as
well as to constrain ancient tectonic settings of these sources.
If there was little if any continental crust before plate tectonics
beganabout 3Ga (Condie andKroner, 2008;VanHuenenandMoyen,
2012), there should be few data points that plot in negative epsilon
spacebefore this time. Yet there aremanynegative epsilons (both 3Nd
and 3Hf), some of which project back to CHUR or depleted mantle
(DM) intersections of 4 Ga ormore (Fig. 5) (Condie et al., 2011). There
are twopossible explanations for this observation: (1) plate tectonics
operated on planet Earth beginning at least 4 Ga, or (2) signiﬁcant
volumes of felsic crust were produced before the onset of plate tec-
tonics, perhaps in a stagnant lid tectonic regime (Piper, 2013). Since
the ﬁrst really strong evidence for widespread plate tectonics ap-
pears in the late Archean (Condie and Kroner, 2008), the second
explanation needs to be seriously considered. Perhaps during a
stagnant lid tectonic regime, which probably dominated before 3 Ga,
partial melting of maﬁc (eclogitic?) roots of a thick crust resulted in
widespread, but not voluminous, TTG magma production. And
because very little crust older than 3 Ga has survived, this requires
extensive recycling into themantle as a result of later plate tectonics.
Supercontinents forming by extroversion and introversion have
rather different signals in 3Nd and 3Hf distributions (Murphy and
Nance, 2003; Collins et al., 2011; Roberts, 2012). The extroversion
types show rapid drops in epsilon during their assembly, which
lasts the order 100 Myr (this includes a possible new supercon-
tinent Amasia) (Fig. 3). This decrease in epsilons begins during
supercontinent breakup as shown by the breakup of the late
Figure A1. Distribution of 3Hf ( 3Hf(t)) as a function of d18O in detrital zircons from
Russian rivers (Wang et al., 2011). Shown is the range of d18O for mantle sources
(4.5e6.5&, Valley et al., 2005).
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notia (550e500 Ma). The extroversion breakup-assembly pattern
clearly reﬂects extensive reworking in external orogens as they
converge and collide with each other. Although some investigators
have suggested that Nuna formed by introversion (Roberts, 2012),
there is a decrease in 3Nd and 3Hf between 1.9 and 1.8 Ga (Fig. 3a),
when most of the Nunian collisions occurred, consistent with an
extroversion origin. The reconstruction of the late Archean super-
continent Kenorland proposed by Bleeker and Ernst (2006) also
supports an assembly of Nuna by extroversion. The only super-
continent that clearly formed by introversion is Pangea (Murphy
et al., 2009) and both epsilon curves show a rapid increase during
its assembly (Fig. 3b). This is consistent with external orogens
shifting to retreating modes (as internal oceans close), where a
greater proportion of juvenile crust is added to the continents. The
breakup of Pangea is accompanied by a sharp decrease in both
epsilon curves, followed by an abrupt increase. This is more difﬁcult
to interpret because collisions in the Tethys Ocean (leading to the
onset of assembly of Amasia) overlapped with continuing breakup
of Pangea. If this interpretation of 3Nd and 3Hf during supercontinent
evolution is correct, it implies that external orogens may have a
signiﬁcant control on detrital zircon populations. Roberts (2012)
reached a similar conclusion based solely on Hf isotope data.
6. Conclusions and future outlooks
From our analysis of Hf, Nd and Sr isotopic data in ancient
minerals and rocks, it is clear that these isotopes reﬂect balances
between juvenile and reworked crustal inputs, but that these bal-
ances are not always the same for the three isotopic systems. Sr and
Nd isotopic records inmarine carbonates are sensitive to changes in
juvenile and reworked inputs into the oceans, and unlike the
crustal Nd and Hf isotopic records, they also record juvenile input
from ocean ridges. It is not usually possible from detrital zircon data
alone to identify the primary source or the tectonic setting from
which the zircons were ultimately derived because of zircon recy-
cling and supercontinent breakup. This is where Nd isotopes from
whole-rock samples become important: not only do we know the
location of the samples (in most instances), but often we can
constrain the tectonic setting of the rocks. Common to all of the
isotopic studies are geographic sampling biases, either by geolo-
gists or by river systems, and this appears to be responsible for
most of the decoupling observed between isotopic systems. In the
time period from 2 to 1 Ga, 3Nd and 3Hf show remarkable agreement
and the median values exhibit relatively small amplitude changes.
This suggests that both isotopic systems are dominantly sampling
the same or similar types of orogens. Prior to 2 Ga, 3Nd is consis-
tently more juvenile than 3Hf, probably as a result of sampling of
orogens with different ratios of juvenile to reworked crust, and
perhaps also due to recycling of older zircons. There is no isotopic
signal for the possible onset of plate tectonics around 3 Ga, a feature
that may result from widespread, but not voluminous felsic crust
formed prior to the onset of plate tectonics.
Our study suggests that the combined application of Hf, Nd and Sr
isotopes is more productive in understanding the supercontinent
cycle than the use of only Hf isotopic data from detrital zircons.
Results from all three isotopic systems are consistent with an extro-
version assembly of all supercontinents except Pangea. Supercon-
tinent breakup is characterized by a short-lived (100Myr) decrease
in epsilon values, which continue to decrease as the next supercon-
tinent forms by extroversion. However, there is no evidence in Nd, Hf
or Sr isotope records for the breakup of Nuna. Supercontinent as-
sembly by introversion is characterized by a short-lived increase in
both 3Nd and 3Hf. Because of overlapping breakup and assembly
phases in the last 1000 Ma, the interpretation of the isotopic data iscomplex andoften ambiguous. Althoughmanypapershave appeared
in the last few years on the signiﬁcance of zircon age peaks and the
supercontinent cycle, we still have many outstanding questions
regarding the nature of these peaks and how they are related to both
production and preservation of continental crust. If the in-
terpretations set forth in this and other recent papers are on the right
track (Hawkesworth et al., 2010; Collins et al., 2011; Condie, 2013), it
looks likeexternal orogensoftencontrolboth 3Ndand 3Hfdistributions
when considered on a global scale.Why is this the case, and are there
times when internal orogens (accretionary or collsional) control
isotopic distributions in the crust? If so, how do we recognize them
and of what signiﬁcance are they to the supercontinent cycle? Also,
reliablepaleomagneticdatanowsuggests thatNunadidnotassemble
until 1650e1580Ma. If so,what is the signiﬁcanceof all the collisional
orogens between 1900 and 1800 Ma (Appendix 2)? Another
intriguing question is why Nuna appears to be the only supercon-
tinent with a long-lived (the order of 1000Myr) accretionary orogen
(the Great Proterozoic AccretionaryOrogen) leading into assembly of
the next supercontinent? The answer to this question may also be
relevant to thequestionofwhywedonot see isotopicevidence for the
breakupofNuna. Thesequestions are also related towhatdetermines
whether a supercontinent forms by extroversion or introversion, and
why is the introversion case so rare? And ﬁnally, we have known for
many years that the supercontinent cycle seems to be speeding up
with time (Condie, 2002; Korenaga, 2006), with breakup and as-
sembly phases signiﬁcantly overlapping after 1 Ga. Could this be due
to recycling of seawater into themantle, loweringmantle viscosity as
suggested by Korenaga (2006, 2011), and causing the rate of the
convection and plate speed to increase with time?
Appendix A. Supplementary data
Supplementary data related to this article can be found online at
http://dx.doi.org/10.1016/j.gsf.2013.06.001.
Appendix ﬁgures
Figure A2. Distribution of 3Hf ( 3Hf(t)) as a function of d18O in detrital zircons from African rivers (Iizuka et al., 2012). Shown is the range of d18O for mantle sources (4.5e6.5&, Valley
et al., 2005).
Figure A3. Distribution of 3Hf ( 3Hf(t)) as a function of in detrital zircons from Dhuime et al. (2012). Shown is the range of d18O for mantle sources (4.5e6.5&, Valley et al., 2005).
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Figure A4. Power spectral density of demeaned and detrended zircon ages for the complete Hf isotopic database (Fig. 2c). Dashed contours indicate estimates 1s conﬁdence limits.
Power spectral estimation was performed using the adaptively weighted prolate spheroidal multitaper method of Thomson (1982), implemented using the MATLAB pmtm function
with a time bandwidth product of 4.
Figure A5. Power spectral density of demeaned and detrended zircon ages for the Nd isotopic database (Fig. 2c) calculated as in Fig. A4.
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Figure A6. Detrended 3Hf variation (1s variation within 50 Myr moving windows with a step of 1 Myr) and associated power spectrum calculated as in Fig. A4.
Figure A7. Detrended 3Nd variation (1s variation within 50 Myr moving windows with a step of 1 Myr) and associated power spectrum calculated as in Fig. A4.
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